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ABSTRACT Duplicate meals, serum, whole blood, and
toenails were collected every 3 mo for 1 v from a group of 44
free-living adults residing in high-selenium areas of South Da-
kota and Wyoming to assess the relation of selenium intake to
indices of selenium status. The average selenium values for the
group were as follows: dietary intake, 174 + 91 ug/d (X = SD),
2.33 + 1.08 ug/kg body wt; serum, 2.10 + 0.38 pmol/L; whole
blood, 3.22 + 0.79 umol/L; and toenails, 15.2 + 3.0 nmol/g.
Selenium intake (ug/kg body wt) was strongly correlated (all
values, P < 0.01) with selenium concentration of serum (r
= (0.63), whole blood (r = 0.62), and toenails (r = 0.59). Men
and women had similar mean values of serum, whole blood,
and toenail selenium despite higher selenium intakes in men.
Smokers had lower tissue selenium concentrations than did
nonsmokers due, at least in part, to lower selenium intake. Age
was not associated with tissue selenium content. Of the vari-
ables examined selenium intake was clearly the strongest pre-
dictor of tissue selenium concentration. Am J Clin Nutr
1990:52:858-62.
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Introduction

Low serum selenium has been associated with increased risk
of cardiovascular disease and cancer in some epidemiological
investigations (1-3). Low serum selenium was linked, by infer-
ence, to low selenium intake, thus stimulating interest in ini-
tiating selenium supplementation studies (4). Burk (5), how-
ever, cautioned that differences in serum selenium might be
attributed to other dietary factors, including the chemical form
of selenium in the diet. Other investigators (6-8) reported that
age, gender, race, alcohol, smoking, and concurrent disease
also influenced serum selenium concentration.

Selenium supplementation studies clearly demonstrate a di-
rect relation between selenium intake and blood selenium con-
tent (9, 10). International data also indicate a strong positive
correlation between selenium intake and blood selenium con-
centration (11). Within a specific country or geographic region,
blood selenium is assumed to reflect dietary intake primarily,
and other factors are considered to be of secondary importance.
A few investigators (12, 13) examined the relation between cal-
culated selenium intake and blood selenium content of individ-

uals consuming self-selected diets. In those studies selenium
intake was not found to be predictive of blood selenium con-
centration.

Because the selenium content of foods varies widely, sele-
nium intake cannot be estimated readily from standard food
tables (14). A more precise determination of selenium intake
can be made if diet composites are collected and analyzed di-
rectly. Because daily dietary selenium intake of an individual
can be highly variable, a series of diet collections provides a
more precise estimate of habitual selenium intake than does a
single collection (15). Additionally, the relation between tissue
selenium and intake can be evaluated best by studying a popu-
lation with a relatively wide range of selenium intake.

Adults from South Dakota and Wyoming were evaluated
previously for evidence of selenium toxicity (16) because of
their relatively high selenium intake. In that study a series of
diet samples was collected and assayed for selenium content.
In this report we examine the relation between dietary sele-
nium and three potential indices of selenium status: serum,
whole blood, and toenails. We also examined selenium intake
and selenium status in relation to three factors—age, gender,
and smoking status—reported to influence selenium status.

Methods

Subjects and protocol

Subjects were enrolled both from households selected at ran-
dom and from households where unusually high selenium in-
take was suspected. The randomly selected subjects were cho-
sen from western South Dakota and eastern Wyoming tele-
phone directories. Subjects suspected of having high selenium
intakes were from South Dakota ranches where selenosis in
livestock had occurred.
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Potential subjects were contacted by mail and phone to ex-
plain the study and to invite participation. After the initial con-
tact, individuals expressing interest in the study were visited in
their homes, where the study was fully explained and informed
consent was obtained. The protocol for the study included
physical examinations, completion of health history and diet
questionnaires, duplicate-plate diet collections for 2 d at 3-mo
(quarterly) intervals, fasting 30-mL blood samples, and collec-
tions of toenail clippings and 24-h urine samples.

At the initial home visit subjects received a physical exami-
nation and were instructed in methods of recording diet and
sample collection. The investigators and participants estab-
lished a schedule for quarterly collections of diet samples and
biological specimens. Subjects were asked to collect, for 2 non-
consecutive days each quarter, duplicate portions of all food
and beverages consumed. Participants were instructed to
schedule their food collections so that two of the eight coilec-
tion days fell on Saturday or Sunday. Twenty-four-hour urine
samples were collected to coincide with the second day of each
quarterly diet collection. Quarterly blood donations were
scheduled for the morning marking the completion of the 24-
h urine collection. Participants were visited in their homes for
blood collections. Containers for subsequent collections of diet
and urine were distributed during those visits. Diet collections
started in the surnmer of 1985 and ended in the spring of 1986.

Spouse pairs were asked to participate when more than one
adult was present in a household. Only one person per house-
hold was assigned to collect diet composites. Of the 78 adults
who participated in the study, 45 collected diet samples. This
report is based on the analysis of data collected from 44 individ-
uals (24 men and 20 women) who provided a minimum of six
diet composites. The mean and median age of the diet collec-
ors was 50 y (range 22-78 y). Four men and four women were
mokers. All of the participants were white. Fifteen subjects
ived on ranches where selenosis in livestock was suspected and
hese individuals consumed home produce. The subjects were
udged to be in good health as determined from a medical eval-
uation. None of the subjects reported use of selenium supple-

The study protoco] was approved by human subjects com-
tiees of the US Department of Agriculture, the National In-
titutes of Health, and the Harvard School of Public Health,

ample collection and analysis

Samples of diet, blood, and urine were collected and stored
n plastic containers. Precautions were taken to avoid environ-
mental contamination. The analytical blank for all samples av-
raged < 4 pmol Se.

Diet composites. Duplicate-plate food and beverage samples
ere collected as described elsewhere (17). Briefly, the subjects
ollected duplicate amounts of the edible portion of all foods
nd beverages consumed. Individual 24-h diet composites were
eighed, homogenized, aliquoted, frozen, and shipped to
eltsville, MD, for processing and analysis.

Blood, urine, and toenails. Fasting venous blood samples
ere drawn into trace element-free Vacutainers (Becton Dick-
son). Samples of whole blood and serum were obtained.
wenty-four-hour urine samples were collected directly into
isposable plastic containers and processed as described else-
here (17). Aliquots of 24-h urine collections, whole blood,
nd serum were frozen and shipped on dry ice to Beltsville,
D, for analysis. Subjects provided nail clippings from all toes.
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TABLE |
Selenium values of 44 adults residing in a seleniferous area of the
United States*

Variable
Se intake
(ug/d) 174 £91 (68-444)
(ug/kg body wt) 2.33 £ 1.08(0.98-5.10)
Se status indices
Serum Se (pmol/L) 2.10 +0.38(1.56-3.71)

Whole blood Se (pmol/L)

Toenail Se (nmol/g)
Urine Se

(¢mol/d)

(nmol/kg body wt)

3.22+0.79(2.37-7.03)
15.2+3.0 (10.4-27.9)

1.56 + 1.02(0.3-5.0)
20.8 £ 12.4(4.6-54.5)

* x + SD; range in parentheses.

Nail samples were stored in envelopes and sent to J Steven
Morris in Columbia, MO, for analysis.

Selenium determinations. Serum, whole blood, urine, and
diet were analyzed for total selenium content by use of an iso-
tope-dilution technigque combined with gas chromatographic/
mass spectrometric analysis. Methods of sample preparation,
digestion, and analysis were described previously (18). The de-
tection limit of the method (defined as three times the SD of
the analytical biank) was 6 pmol Se. Quality control was main-
tained by regular determinations of in-house reference pools of
serum, whole blood, and urine. The CV for duplicate analysis
of the in-house reference pools was always < 2%. Toenail sam-
ples were cleaned and then analyzed for selenium content by
neutron activation (19). Neutron-activation analysis of Na-
tional Bureau of Standards Reference Material #1577 (bovine
liver) was 14.1 £ 0.6 nmol/g (X + SD) as compared with a certi-
fied value of 13.9 + 1.3 nmol/g. The CV associated with 38
repeated measurements was 4.5%,

Statistical analysis

All subjects provided at least six diet composites, and most
{77%) provided the complete set of eight. All subjects provided
blood and toenail specimens for three quarters, and most of
the subjects (89%) provided the complete set of four. Selenium
concentration of diet, blood, and toenails did not vary season-
ally (20); an average value for each indicator of selenjum status
was calculated for each subject.

Pearson correlation coefficients were computed for selenium
intake vs selenium concentration of serum, whole blood, and
toenails. Differences in selenium intake and selenium status by
gender, current smoking status (no, ves), and age group
(< 50y, = 50 y) were evaluated with the 7 test. Standard, nor-
mal-theory, linear multivariate-regression analysis was used to
evaluate the relation between selenium status and selenium in-
take, gender, age, and smoking status. Statistical analyses were
performed with S48 computer programs (21). Unless other-
wise stated, all data were analyzed for statistical significance at
the 5% significance level (£ < 0.05).

Results

The average selenium intake of the 44 subjects and selenium
concentrations in serum, whole blood, and toenails are given
in Table 1. Urine selenium was ~70% of selenium intake, and
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TABLE 2
Correlation between selenium intake and selenium in serum, whole
blood, toenails, and urine®

TABLE4
Selenium values of smokers and nonsmokers residing in a seleniferous
area of the United States*

Scrum Blood Toenails Urine
wmol/L umol/L nmol/g umol/d
Se intake
(ug/d) 0.51 0.55 0.53 0.87
(ng/kg body wt) 0.63 0.62 0.59 0.82

* Pearson correlation coefficients, all associations statistically sig-
nificant (P < 0.001).

the two measures were highly correlated. For example, when
mean intake and excretion of selenium were expressed per kilo-
gram body weight, the Pearson correlation coefficient (r) was
0.84 (P < 0.001). Dietary selenium (ug/d, ug/kg body wt) was
significantly correlated with selenium in serum, whole blood,
and toenails {Table 2). The correlation of selenium intake and
tissue selenium was greater when intake was expressed per kilo-
gram body weight.

The average daily selenium intake of the men was 66%
greater than that of the women (Table 3). When intake was
expressed per kilogram body weight, the difference was less pro-
nournced and marginally significant (P = 0.05). Despite higher
dietary intakes, men had mean values of serum, whole blood,
and toenail selenium that were similar to those of the women.

On average, the amount of selenium consumed by smokers
was 35% less than that of nonsmokers. The difference increased
slightly when intake was expressed as ug/kg body wt (Table 4).
Smokers had mean values of serum, whole blood, and toenail
selenium that were 12-23% lower than those of nonsmokers.
Differences between smokers and nonsmokers were statisti-
cally significant for whole blood and toenails, but not serum.

Average selenium intake of individuals = 50 y was slightly
higher than that of younger subjects (Table 5) but group differ-
ences were not remarkable. Concentrations of selenium in se-
rum, whole blood. and toenails were similar for both age cate-
gories.

Dietary selenium (ug/kg body wi) was the most important
determinant of selenium in serum, whole blood, and toenails
{(Table 6). The regression coefficient associated with gender in-

TABLE3
Selenium values of men and women residing in a seleniferous area of
the United States*

Smokers Nonsmokers
Variable (n=28) (n=36) P

Se intake

(ug/d) 121+ 46 186 £ 95 <0.01

{ug/kg body wt) 1.5+04 25+ 1.1 <0.001
Se status indices

Serum Se (umol/L) 1.87+0.22 2.14+0.39 0.07

Whole blood Se (umol/L)  2.75+0.32  3.33+0.82 <0.01

Toenail Se (nmol/g) 122+1.0 15829 <0.001
Urine Se

(zmol/d) 0.91 +0.35 1.70 £ 1.08  <0.001

{nmol/kg body wt) 11.4+38 22.8+12.7  <«0.001

* X+ SD.

dicated that, for a given level of dietary selenium, women
would have higher concentrations of selenium in serum, whole
blood, and toenails than would men. The regression coefficient
associated with age was negative but the inverse association be-
tween age and indices of selenium status was not statistically
significant. Likewise, the regression coefficient associated with
smoking was negative but statistically significant only when
toenails were used as the index of seleninm status.

Discussion

Pennington et al (22) analyzed data from national food sur-
veys and reported that the mean dietary selenium intake of
adults in the United States was 108 pg/d. In this report we docu-
ment a higher selenium intake (174 £ 91 ug/d, x + SD) among
a group of South Dakota and Wyoming residents. The rela-
tively high selenium intake of our population was undoubtedly
related to consumption of local food items (23). The high sele-
nium intake of our subjects was reflected by an unusually high
average selenium concentration in serum (2.10 + (.38 umol/
L), whole blood (3.22 # 0.79 umol/L), and toenails (15.2 £ 3.0
nmol/g). In a multicenter European study (24), mean serum
selenium ranged from a low of 0.8 umol/L in Greece to a high
of 1.4 umol/L in London. In the United States whole blood

TABLE 5
Selenium values of young (< 50 y) and older (= 50 y) adults residing
in a seleniferous area of the United States™

Men Women <50y =50y
Variable (n=24) (n=20) P Variable (n=22) (n=22) P

Se intake Se intake

{ug/d) 213297 128 +58 <0.001 (ug/d) 162+79 187 + 102 0.37

{ug/kg body wt) 26%1.2 20+0.8 0.05 (ug/kg body wt) 224 +1.03 242+ 1.14 0.39
Se status indices Se status indices

Serum Se¢ (umol/L) 2.04+027 2171049 0.27 Serum Se (umol/L} 2.10 £0.34 209 +£0.43 0.89

Whole blood Se (umol/L)  3.14 £ 0.51 332+ 1.03 0.49 Whole blood Se ( umol/L) 3.22+0.58 3.22 +0.95 1.00

Toenail Se (nmol/g) 148+ 2.5 15.7 £ 3.7 0.34 Toenail Se (nmol/g) 15.3+2.3 15.1+3.8 0.81

Jrine Se Urine Se

(umol/d) 1.77+1.05 1.28+£0.95 0.11 (xmol/d) 1.51 £ 1.03 1.61+1.06 0.75

(nmol/kg body wt) 215127 203=+12.7 0.60 (nmol/kg body wt) 206 +£129 209 +12.2 0.96

* X+ SD. * X+ 8D.
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TABLE 6 »
Predictors of three indices of sclenium status in adults residing in a
seleniferous area (multivariate regression analysis)

Index and predictor Total
variables*® 8% SEE g R

Serum Sc (umol/L)

Se intake (ug/kg) 0.256 0.042 <0.0001
Gender (female) 0.278  0.085 0.002
Smoker (yes) -0.038 0.110 0.74
Age (v) —-0.005 0.003 0.14
0.57
Whole blood Se ( pmol/L)
Se intake (ug/kg) 0.498  0.092 <0.0001
Gender (female) 0.461 0.188 0.02
-Smoker (yes) —0.117 0.243 0.63
“rAge(y) -0.007  0.007 0.32
: 0.50
oenail Se (nmol/g)
Se intake (ug/kg) 1.68 0.35 <0.0001
i Gender (female) 1.98 0.71 0.01
Smoker (yes) -2.21 0.92 0.02
Age (y) -0.008  0.026 0.74
0.54

* Coding for regression variables: Se intake (continuous); gender (0
male; 1, female); smoker (0, no; 1, yes); age (continuous).

* The ¢ coefficient indicates the specific influence on the dependent
variable from a one unit change in the independent variable with the
other regression variables held constant. For example, the serum Se
¢oncentration of a woman would be predicted to be 0.278 pmol/L
her than that of a man (with age, smoking, and Se intake constant).
1 Total R?is the proportion of the variation explamed by a linear
model that includes all four predictor variables. R? for Se intake and
gerum Se, 0.40: for Se intake and whole blood Se, 0.38 and for Se intake
d toenail Se, 0.35.

'y

elenium ranged from a low of 2.0 pmol/L in Ohio (12) to a
h of 3.4 pmol/L in a seleniferous part of South Dakota (25).
oenails have not been widely used to assess selenium status
out samples from populations with low and high selenium ex-
osure have been measured. Morris et al (19) reported mean
-alues ranging from 3.3 nmol/g for New Zealand to 15.2 nmol/
-for South Dakota residents.

~ Serum and whole blood selenium were associated with sele-
ium intake in geographic correlation studies (11) but attempts
o demonstrate similar associations within specific geographic
s were less successful. Snook et al (12), for example, deter-
fitined the selenium content of 600 local food items and admin-
stered 24-h dietary recalls to Ohio residents. Plasma selenium
as only weakly (r = 0.12) associated with calculated dietary
lenium and whole blood sefenium was not associated with
ntake. Using similar methods, Lane et al (13) reported that
alculated dictary selenium was not associated with plasma se-
enium but was associated with erythrocyte selenium (r=0.38).
1 our study of South Dakota adults, all three indices of sele-
1um status were strongly associated with selenium intake. Our
bility to demonstrate more clearly the association between se-
nium intake and tissue selenium content of free- -living indi-
iduals can be attributed to direct analysis of several diet com-
osites collected from a population having a relatively wide
nge of selenium intake.

In the multivariate analysis we could explain 50-57% of the
ariance in the indices of selenium status. Dietary intake ex-
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plained the greatest portion of that variance. Seasonal sampling
for 2 d was adequate to demonstrate an association between
selenium intake and the selenium indices, but it is likely that
additional diet collections and increased range of intake would
have improved further the correlation between selenium expo-
sure and selenium status. Therefore, the R? values reported
here are probably underestimated. Animal and human studies
both demonstrated that tissue selenium concentration is infiu-
enced by the chemical form of selenium in the diet (14). We
were not able to consider the relative importance of chemical
form vs amount of dietary selenium because information on
the chemical form of selenium in foods is scarce; only wheat
(26) and cabbage (27) have been characterized. Other dietary
information was available from food frequency questionnaires
but we were unable to identify any other single dietary variable
(eg, intakes of protein, fat, fiber, energy, and methionine) that
materially reduced the unexplained variance. Although others
(8) reported lower selenium status among drinkers, alcohol in-
take of our subjects was relatively low and its distribution too
limited to evaluate the relation between alcohol intake and se-
lenium status.

Men consumed more food than did women, which ac-
counted for their higher selenium intake. Although men had
higher selenium intakes, their tissue selenium concentrations
did not reflect higher exposure. To our knowledge there is no
evidence that men absorb less selenium than do women, and
men did not excrete proportionally more selenium in urine.
Muscle probably forms the largest body pool of selenium (28).
Men almost certainly require more selenium to maintain the
same concentration of blood (or toenail) selenium as women
with less muscle mass. In the multivariate analysis we expressed
selenium intake in relation to body weight but we did not col-
lect information that would allow us to adjust for differenices in
body composition. If we had been able to control for differences
in lean body mass, it is likely that gender would not have been
significant in the multivariate analysis.

Smokers consumed less selenium daily than did nonsmok-
ers. Smokers consumed less food than did nonsmokers but this
difference was not great enough to account for a 35% reduction
of selenium intake. We calculated the amount of selenium per
gram (dry weight) of diet consumed, which indicated that
smokers consumed diets that were ~20% less concentrated in
selenium. Dietary habits of smokers have not been adequately
studied but there is other evidence that smokers have reduced
food intakes and also select diets of low nutrient density (29).In
the multivariate analysis smoking was no longer an important
predictor of serum or whole blood selenium, suggesting that
the lower selenium concentrations of smokers were explained
by low dietary selenium rather than by smoking per se. Smok-
ing, however, remained an independent determinant of sele-
nium status when toenails were used as the index. Ellis et al
(30) observed reduced serum and whole blood selenium con-
centrations of smokers. Llovd et al (8) also reported reduced
selenium status of male, but not fernale, smokers. Robinson et
al (31) found no association between smoking and selenium
status of New Zealand adults.

Food intake decreases as adults age (32). In our population
of South Dakota and Wyoming residents, selenium intake of
younger and older adults (< 50 vs = 50 y) was similar. The re-
gression coefficient associated with age was negative after sele-
nium intake, smoking, and gender were controlied for, suggest-
ing an inverse association. Age was not, however, significantly

%
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predictive of the selenium indices. Dickson and Tomlinson
(33) reported that plasma selenium decreased with age. Lloyd
et al (8) observed that individuals aged > 53 y had reduced
whole blood selenium concentration. They suggested that
lower blood selenium of older individuals was due to less effi-
cient absorption or increased excretion rather than to reduced
intake. We measured urinary excretion of selenium and our
older adults did not excrete more selenium, Other investigators
have not found age-associated changes in selenium status of
adults (6).

In summary, tissue selenium concentration was determined
primarily by selenium intake. Despite higher sclenium intake
in men, their tissue selenium values were similar to those in
women, an observation likely explained by differences in body
composition. Smoking as a determinant of selenium status
should be further explored but the lower tissue selenium con-
centrations of smokers in this study were related, at least in
part, to lower selenium intake. Although we explained a sub-
stantial portion of the variance in tissue selenium concenira-
tion. almost half of the variation was left unexplained. It is
likely that the unexplained variance could be reduced further
by increasing both the range of seleninm intake and the num-
ber of days of diet collections. The chemical form of dietary
selenium undoubtedly accounts for some of the variance but
the effect cannot be evaluated until the chemical forms of sele-
nium in foods are characterized and quantified. Finally, all
three indices of selenium status—serum, whole blood, and toe-
nails—served equally well as indicators of selenium intake. B

We thank Natalie Hardison, Kristine Patterson, and JS Morris for
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data management and analysis, and Kathleen Corr assisted with study
management and sample collection. We especially thank the partici-
pants from South Dakota and Wyoming for their cooperation.
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